Background: Small cell lung cancer (SCLC) is one of the deadliest malignancies and
| INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths worldwide. Small cell lung cancer (SCLC) accounts for nearly 13% of lung cancer.
1 SCLC patients can be divided into limited disease (LD) and extensive disease (ED). Patients with LD receive chemotherapy or/and radiation therapy, and their median survival is 16-24 months. 2, 3 ED accounts for the majority of SCLC. Chemotherapy remains the cornerstone of treatment, while radical thoracic radiotherapy is not suitable treatment option for ED patients. ED has a high recurrence rate, and the median survival is usually 7-12 months. 2, 3 Many clinical trials have demonstrated that the overall response rate and progression-free survival are improved by using targeted therapy compared to the traditional chemotherapy. [4] [5] [6] In the past few decades, there are 11 types of oncogenic protein kinase inhibitors, including Bcr-Abl tyrosine kinase inhibitors, epidermal growth factor receptor tyrosine kinase inhibitors, and vascular endothelial growth factor receptor tyrosine kinase inhibitors, etc which have been approved by FDA for cancer patients treatments. 7 Thus, identifying the key onco-driven gene alterations become the critical determinant for clinicians to choose potential targeted therapy. Data from The Cancer Genome Atlas revealed that SCLCs are highly genomically complex, 8 and this genomic complexity of malignant cells caused by contentious gene alterations requires us to constantly explore new molecular alterations and potential therapeutic targets for patients. Several driven gene alterations of lung cancer have been identified for active targeted therapeutics. Alterations in TP53, RB1, and MLL2 are the most in SCLC. 9 Others include RICTOR (10%), KIT (7%), PIK3CA (6%), EGFR (5%), PTEN (5%), KRAS (5%), MCL1 (4%), FGFR1 (4%), BRCA2, (4%), TSC1 (3%), NF1 (3%), EPHA3 (3%), and CCND1 were identified in SCLC as well. 9 Amplifications of MYC family members can be found in about 22% of SCLC patients and 50% of SCLC cell lines. 10 In addition, bi-allelic inactivation of TP53 and RB1 can be detected in nearly all the SCLC tumors, suggesting that loss of the tumor suppressors TP53 and RB1 is obligatory in SCLC. 11 The development of next generation sequencing (NGS) technology and platforms permit rapid and precise identification of oncogenic alterations. 12 Comprehensive genomic profiling of tumors based on NGS technology can detect all kinds of genetic changes from point mutations to large structural variations in lung cancer. In this study, we ran NGS on 122 Chinese SCLC patients tumor sample and analyzed the gene sequencing data. We identified some unique genetic variant features in Chinese SCLC patients and further compared these features to the Western SCLC patients reported previously. In addition, we found that somatic co-occurring TP53/RB1 mutations were frequent in Chinese SCLC patients. We further identified gene alterations involved in several signaling pathways and several targetable gene variations including homologous recombination (HR), FGF family, KIT, PDGFRA, and DDR2. These results might be helpful in the selection of potential targeted therapeutic options and predicting prognosis. 
| MATERIALS AND METHODS

| Subjects inclusion and samples collection
| Detection of genomic alterations
The genomic alterations were examined and the profile was produced using the YuanSu Chinese SCLC patients presented different patterns. Our data might provide useful information in targeted therapy and drug development for Chinese SCLC patients.
K E Y W O R D S
comprehensive genomic profiling, next generation sequencing, small cell lung cancer, targeted therapy, tumor mutation burden the point mutation, insertion/deletion, gene copy number variation and gene rearrangement/fusion (including large, >100 bp fragment insertion/deletion), and other variant forms related to cancers at DNA level. White blood cells isolated from whole blood were used as matched normal control. For germline mutations, common SNPs defined as those from dbSNP database (version 147), or frequency over 1.5% of Exome Sequencing Project 6500 (ESP6500) or over 1.5% of 1000 genome project were excluded.
| Statistical analysis
The qualitative variables were analyzed by Fisher's exact test. The comparisons of normal quantitative distributed data were performed using t test, and Wilcoxon rank test for the non-normal distributed data. All of the statistical analyses were performed with SPSS 22.0.
| RESULTS
| Patients' characteristics
Nighty-seven (97) male and 25 females SCLC patients were included in this study. Age of male SCLC patients was in the range of 29 to 83 with median age 61 years old. The female patients were from 47 to 76 with median age 63 years old. The detailed patients' characteristics including sex, ages and other major testing data are summarized in Table 1 .
| Comprehensive genomic profiles of SCLC
All data from these 122 patients' samples were analyzed. Among them, 119 were found to have clinical relevant genomic alterations (CRGAs), two were negative, and one was found to have unknown clinical significance variants. Ranked Top 10 genes with most mutation frequency were TP53 (N = 114, 93.4%), RB1 (N = 96, 78.7%), LRP1B (N = 23, 18.9%), KMT2D (N = 19, 15.6%), FAT1 (N = 14, 11.5%), KMT2C (N = 14, 11.5%), SPTA1 (N = 14, 11.5%), STK24 (N = 14, 11.5%), FAM135B (N = 13, 10.7%), and NOTCH1 (N = 13, 10.7%) ( Figure 1A ). The single nucleotide variation (SNV) was dominated by C>A, which accounting for 36.2% of the total SNVs. Among them, the two highest frequencies were TCC>TAC and TCT>TAT. Others, C>G was 12.9%, C>T was 24.4%, T>A was 10.9%, T>C was 12.4%, and the lowest frequency of SNV T>G was 3.2%. The SNV profiles were slightly different in the population with high-tumor mutation burden (TMB-H, TMB ≥10) and low TMB (TMB-L, TMB <10). The frequency of C>A in Chinese SCLC patients with TMB-H was higher than that in TMB-L (39.5% vs. 31.0% ，P = 0.0006); while the frequency of C>T in the patients with TMB-H was lower than that in TMB-L (21.7% vs. 28.9%, P = 0.0010) ( Figure 1B ). Copy number variation (CNV) analysis showed that the most frequently amplified genes were STK24 (13.1%), TERT (9.8%), CCNE1 (7.4%), FGF14 (7.4%), and SOX2 (7.4%); the most frequently deleted genes were RB1 (8.2%), FAT1 (4.1%), PTEN (2.46%), EPHA3 (1.6%), and PIK3R1 (1.6%) ( Figure 1C NTRK3 involved in the fusion/rearrangement. The clinical relevant gene arrangements, such as ETV6-NTRK3 and CCDC57-BRCA1, were found in 12 patients, among which ETV6-NTRK3 fusion was detected in 1.6% (N = 2) of SCLC patients ( Figure 1D ). Interestingly, both of patients with ETV6-NTRK3 fusion are TMB-H, one case is 17.6 Muts/Mb and the other is 48.8 Muts/Mb. For the patients with TMB = 48.8 Muts/Mb, ETV6-NTRK3 fusion is the only driver mutation, while for another patients with TMB = 17.6 Muts/Mb, we also detected EGFR exon 19-del and EGFR amplification. All mutations in these two patients are listed in Table S1 .
For germline mutations, we identified six truncation variants in five patients, including two cases with BRCA1 (S1040Afs*8) and BRCA2 (T1087Qfs*5) variants, one case with RAD51C (E45fs*) variant, one with TP53 (G266*) variant, and one with TP53 (A88Gfs*32) and RB1 (W681*) truncation variants.
| Co-occurring mutations of TP53 and RB1
Previous reports showed that most of the SCLC tumors contain co-occurring RB1 and TP53 missense mutations.
11,13
Here, we further analyzed the co-occurring mutations of TP53 and RB1 in these Chinese SCLC patients. The results revealed 
and US which we speculated that the patients were mainly the Western population (90.9%, P = 0.007) (Figure 2A) . 11 The data from previous study were calculated based on oncoprint results in the literature: of the 110 samples, 100 had both TP53 and RB1 mutations. Mutation of EGFR (7.4%), NOTCH1 (11.8%), TNFSF13B (6.4%) and BRCA2 (5.5%), as well as TERT amplification (10.9%) were restricted in TP53/RB1 co-mutation samples, while FGFR1 amplification was more common in the SCLC patients with TP53 mutation alone (4/12 vs 2/93, P < 0.001) ( Figure 2B ).
| Detection of gene mutations in cancerrelated signaling pathways
The gene mutations of some SCLC-related pathways were analyzed. The related genes in these signaling pathways included in YuanSu TM 450 panel are listed in Table S2 . Gene mutations in cell cycle, Wnt and PI3K signaling pathways were the most common in these Chinese SCLC patients. Among these mutations, the number of cell cycle signaling pathway-related gene mutations was the largest, accounting for 83.6% of all the SCLC patients. Compared with the previous study, 11 the frequencies of gene variations in Wnt and Notch signaling pathways in Chinese patients were significantly lower than that in Western patients, respectively (P = 0.0013; 0.0068) (Figure 3 ). (Table S3 ). The mutation rates of the genes mentioned above in TMB-H group were much higher than that in TMB-L group. In addition, the median TMB of patients with these mutations was higher than those without the mutations (Figure 4 ).
| Tumor mutation burden analysis
| Correlation between gene mutation and clinical stages of disease
We compared the differences of mutation rates of the related genes between the stages III/IV and stages I/II of SCLC
F I G U R E 2 Analysis of TP53/RB1 co-alterations in 122 Chinese patients with small cell lung cancer (SCLC). A, Comparison of detection
rate between Chinese and Western SCLC patients. B, Genes which had different mutation characteristics in Chinese patients with SCLC carrying both TP53 and RB1 mutations and TP53 mutation only patients. To determine whether the mutation of a gene is related to the clinical stage of SCLC, the statistical analysis was performed using Fisher's exact test and further correction was performed using the Benjamini-Hochberg method. EPHA3 and NOTCH2 gene mutations are more prevalent in stage I/ II SCLC patients, while TP53 mutations are more common in stage III/IV SCLC patients. After Benjamini-Hochberg correction, no statistical differences were observed in any genes between the stages III/IV and stages I/II of SCLC patients (Table S4 ), suggesting that gene mutations occur early in tumorigenesis and are somewhat conserved during tumor growth.
| Analysis of Notch, CREBBP, and EP300 gene alterations
Of the 122 SCLC patients, 35 had NOTCH family gene mutations and seven patients had at least two forms of mutations. Of all the genes variations, the CRGAs accounted for 15.6% (19/122). Notch1 mutation was 10.7% (13/122), both Notch2 and Notch3 mutations were 3.3% (4/122), and Notch4 mutation was 0.8% (1/122). Twelve SNV mutations, including four substitution mutations and eight truncated mutations, were detected in 13 patients with the Notch1 mutations ( Figure 5A ). About 66.7% (8/12) of the SNVs occurred in the EGF-like domain or Calcium-binding EGF domain. EP300 mutation was detected in nine patients, of which 4.9% (6/122) was the CRGAs. The CREBBP gene mutation was detected in five patients, and they were all the CRGAs. CRGAs occurring in the CREBBP and EP300 genes mostly clustered in the HAT domain ( Figure 5B ), accounting for 60% of all SNVs. The mutation frequencies of Notch, CREBBP, and EP300 were much lower than those of the reported previously.
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| DISCUSSION
The widely used comprehensive hybrid capture-based NGS technology makes it possible to detect the driven gene mutations comprehensively in cancer patients' samples. Targeted therapy for patients who harbor specific drive gene alterations can prolong their survival compared with patients without targeted therapy. Therefore, continuous in-depth studies of oncogene mutation have significant value for understanding both the biological characteristics of cancer cells and clinical treatment optimization. SCLC is a highly heterogeneous rapidly lethal disease with few therapeutic options. The primary objective of our study is to understand the genomic profile of SCLC in Chinese patients and compare it with Western patients, and further intend to provide new information for therapeutic approaches that will be suitable to Chinese SCLC patients.
In this study, we found a large number of genes with point mutations, structural variants, and fusions. The genes with the highest mutation frequency were TP53, RB1, LRP1B, KMT2D, FAT1, KMT2C, SPTA1, STK24, FAM135B, and NOTCH1. For CNV, the most frequently amplified genes were STK24, TERT, CCNE1, FGF14, and SOX2, and the most frequently deleted genes were RB1, FAT1, PTEN, EPHA3, and PIK3R1. Most of these gene mutations correlated with poor prognosis in cancer, but have no targetable drugs, may explain the poor survival of SCLC.
14-19 However, we defined several subgroup patients who may benefit from genotyping and subsequent targeted therapy. ETV6-NTRK3 fusion was detected in 1.6% (2/122) of SCLC, which was relatively rare, but may suggest a response to pan-NTRK as well as ALK and ROS1 tyrosine kinase inhibitors. In addition, NTRK-specific inhibitor larotrectinib has been approved by FDA for solid tumor patients with NTRK fusion. Similar with what Sakre N et al reported, we detected RICTOR amplification in 5.7% (7/122) of SCLC patients who might respond to mTORC1/2 inhibitors. 20 Besides, we found FGFR1 amplifications in 4.9% (6/122) of SCLC patients, and FGFR inhibitors are currently being tested in such patients. 21 Although the mutation events of these targetable genes are not very common, due to the fact that lung cancers are very prevalent and numerous, even small subgroups represent a large number of patients in need of therapy in China and worldwide.
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F I G U R E 4
Comparison of median TMB in Chinese SCLC patients with certain specific gene mutations. SCLC, small cell lung cancer;
TMB, tumor mutation burden
We also compared our genomic profiling data with that in other cohort. We know that NOTCH-ASCL1-RB-p53 signaling axis driving and maintaining the phenotype of small cell cancers (SCCs) and bi-allelic inactivation of TP53 and RB1 is characteristic for a SCC phenotype. 11, 23 In Chinese SCLC patients, even though the co-occurrence of TP53 and RB1 alterations was still high (74.6%), it was lower than East Asia patients cohort (82%), 24 and Western patients cohort (90.9%). 11 This suggest that in addition to TP53 and RB1, more obligatory tumor suppressor genes such as ARID1A and APC, 25, 26 which showed higher mutation rates in Chinese SCLC, may play essential role in Chinese SCLC. Interestingly, in this study, we also found that the alterations in EGFR, TERT, NOTCH1, TNFSF13B, and BRCA2 genes were only present in the TP53/RB1 co-alterations patients, and FGFR1 amplification was more common in patients with TP53 mutation alone. However, the molecular mechanisms of these remain unclear.
Our genomic analyses further compared the genetic alterations involved in several cancer-related signaling pathways between Chinese cohort and Western cohort. We identified that the mutation rates of genes related with Wnt, HR, and Notch signaling pathway were lower in Chinese SCLC patients than those in Westerner patients. In contrast, the detection rate of cell cycle-related genes alterations was higher in Chinese SCLC patients than that in Western patients. Furthermore, we analyzed the basic characteristics of Notch, CREBBP, and EP300 gene alterations in Chinese SCLC patients as all three genes have been identified as recurrent mutations in SCLC and may be related to therapy effects. 11, 27 We found that the mutation frequencies of Notch, CREBBP, and EP300 were much lower than those of the reported previously. Although the clinical significance and mechanism of these differences are unclear, these differences should be taken into consideration when developing new treatment strategy targeting Chinese SCLC patients. Moreover, several studies including ours mentioned that the SCLC tumors had a significantly high mutation rate (TMB-H), which is considered as a biomarker of response to immunotherapy in SCLC, and immunotherapy did improve the treatment of SCLC. 29 However, the response rate of patients with SCLC to immunotherapy is much lower than the proportion of patients with TMB-H, which suggested that TMB alone does not clearly discriminate all responders from nonresponders and more biomarkers may be required in SCLC. 30 In this study, we found that the mutation rates of several genes such as FAT1, TP53, SPTA1, KEAP1, KMT2D, MAGI2, NOTCH2, NOTCH3, FLT1, KDM6A, and FAT4 in TMB-H group were significantly higher than those in TMB-L group. The significance of this phenomenon is much less clear and functional experiments will be required, but it may provide more possibilities on developing new factors that predict response to immune checkpoint inhibitor therapy.
| CONCLUSIONS
In this study, we characterized the genomic alteration profile of Chinese SCLC patients. Consistent with previous report, high mutation rates of TP53 and RB1 are the most important genomic features of SCLC, but the detection rate had a certain difference compared with previous study which might be mainly enrolled the Western patients. The detection rate of several gene alterations such as Wnt, and Notch pathway was also different from previous study. These results suggested that the molecular mechanism of SCLC in most Chinese patients was same as that in Western patients, but a few of them had their own unique characteristics. This might attract attention when developing targeted therapy for SCLC patients in China.
